Second-strand cDNA priming is a central problem for full-length characterization of transcripts. A new strategy using bacteriophage T4 DNA ligase and partially degenerate adapters is proposed for grafting a sequence tag to the end of polyribonucleotides. Based on this RNA tagging system and previously described protocols, a new method for full-length cDNA production has been implemented. Validation of the method is shown in Arabidopsis thaliana by the construction of a full-length cDNA library and the analysis of 154 clones and by 5¢-RACE±PCR run on a documented experimental system.
INTRODUCTION
The study of full-length cDNAs remains an indispensable approach for structural and functional genome annotations (Castelli,V., Aury,J.-M., Jaillon,O., Wincker,P., Clepet,C., Menard,M., Cruaud,C., Scha Èchter,V., Temple,G., Caboche,M., Weissenbach,J. and Salanoubat,M., submitted). The wide range of methods described in patents and the scienti®c literature shows how critical but dif®cult this research area is. The central problem every full-length cDNA method tries to resolve is grafting a known sequence at the cap site, so as to be able to prime second-strand polymerisation of the cDNA. In some methods, cap-dependent tagging is used as a way of selecting for full-length cDNAs; in other protocols the tag is added on cDNAs previously enriched for molecules extending to the 5¢cap (1, 2) . A number of enzymatic or chemical taggings have been described, either on single-strand cDNA (see for example 3,4), double-strand cDNA (see for example 5,6), de-capped mRNA (see for example 7±9) or straight on the mRNA cap (10, 11) . In the strategy of Sekine and Kato (8) and of Maruyama and Sugano (9) , RNAs are dephosphorylated by alkaline phosphatase, decapped by tobacco acid pyrophosphatase and ligated to an oligonucleotide by T4 RNA ligase. This method is one of the most speci®c and accessible for full-length cDNA production, however its ef®ciency is somewhat limited at the RNA ligation step. Tavitgian et al. (12) and Shibata et al. (13) used T4 DNA ligase for oligonucleotide joining on single-strand cDNA. The procedure is based on using partially degenerate adapters to create a local double-stranded structure at the junction between the oligonucleotide 5¢-phosphate and the cDNA 3¢-OH. This tagging does not discriminate against incomplete reverse transcription products and needs, as in Shibata et al. (13) , to be used in conjunction with other enrichment methods for obtaining full-length cDNAs.
T4 DNA ligase (once known as polynucleotide ligase) can catalyse DNA-templated joining of RNA fragments (14, 15) . Based on this property, a new full-length cDNA strategy has been designed. After alkaline phosphatase inactivation of uncapped nucleic acids and cap removal by tobacco acid pyrophosphatase, an oligonucleotide is speci®cally grafted to the cap site of mRNAs. In contrast to previous methods (8, 9) , RNA tagging is performed by using T4 DNA ligase and adapters generating local double-stranded structure at the junction with the mRNA 5¢-end. The ligated mRNAs can then be used for RACE±PCR or library construction. Gateway attB sites have been included in the 5¢ RNA adapter and the 3¢ reverse transcription oligo(dT) primer, enabling cDNA library construction by recombinational cloning (16) .
As a proof of concept, 5¢ RACE±PCR and full-length cDNA library analyses have been performed in Arabidopsis thaliana. The overall sensitivity of the strategy is shown in a convergent way by both experimental approaches. In particular, the 5¢ RACE±PCR revealed a new upstream transcription start site (TSS) for ats1A. The constructed full-length cDNA library has been evaluated by comparison with the genomic annotations and the cDNA catalogue available for A.thaliana. In particular, amongst the 154 clones analysed, a 5¢-end located upstream of the AGI (17) annotated coding sequence (CDS) was found for 130 cDNAs and, when compared to EMBL sequences, 12 inserts showed a sequence gain towards the promoter.
Besides the production of full-length cDNAs, this new RNA tagging strategy could be used in any application where an oligo needs to be grafted on one or both sides of RNA fragments of unknown sequence. In particular, it could be useful for amplifying RNA targets isolated by ribonucleoprotein immunoprecipitation experiments (18) .
MATERIALS AND METHODS

Preparation of the cap adapter
The cap adapter was prepared by mixing 40 mM of both oligonucleotides P1 and P2, in a buffer containing 10 mM Oligonucleotide ligation. The decapped RNA was resuspended in 6.5 ml of H 2 O, heated at 65°C for 5 min, equilibrated at 25°C and mixed in a 10ml ®nal volume with 50 mM Tris± HCl (pH 7.5), 10 mM MgCl 2 , 10 mM dithiothreitol (DTT), 1 mM ATP, 25 mg/ml of bovine serum albumin (BSA), 5% polyethylene glycol 8000, 20 U Rnasin, 4 mM double-stranded cap adapter and 1000 U highly concentrated T4 DNA ligase (New England Biolabs). The reaction was incubated for 3 h at 25°C. The reaction volume was made up to 100 ml with H 2 O, phenol-chloroform extracted and precipitated with 300 mM sodium acetate, 20 mg of glycogen and 2 vol of ethanol, overnight at ±20°C. The RNA pellet was washed with 75% ethanol and air dried for 5 min.
Reverse transcription
The RNA pellet was resuspended in 8 ml of H 2 O, mixed with P3 primer (50 pmol) and dNTPs (10 nmol each) in a 12 ml ®nal volume and heated at 65°C for 5 min. The solution was equilibrated at 48°C and completed with 40 U RNasin, 10 mM DTT, 50 mM Tris±HCl (pH 8.3), 75 mM KCl, 3 mM MgCl 2 and 200 U M-MLV Superscript III (Invitrogen), in 20 ml ®nal volume. Reverse transcription was performed for 50 min at 48°C and stopped by heating for 15 min at 70°C; cDNAs were stored at ±20°C. The design of primer P3 enables cDNA synthesis to be anchored at the polyadenylation site.
PCR
Unless otherwise indicated, PCR was performed with 1.5 U AmpliTaq Gold (Roche) in 15 ml of buffer containing 15 mM Tris±HCl (pH 8.0), 50 mM KCl, 1.5 mM MgCl 2 , 200 mM of each dNTP and 0.2 mM of each primer, with a thermal cycling of 8 min at 94°C, then 94°C for 10 s, 60°C for 10 s and 72°C for 1 min for 30 cycles, with a 2 min ®nal step at 72°C. PCR screening and production of sequencing templates were done on 1 ml of each clone stored at ±80°C in 4% glycerol, with primers rbc64.U and rbc402.L or M13fwd and M13rev for the RACE±PCR library and with primers univ221.U and univ221.L for the full-length cDNA library, for which only the >1 kb inserts were sequenced. As a genomic control, 60 ng of A.thaliana DNA was used. Presence of the ats transcripts was controlled by amplifying 1 ml of cDNA with primers rbc64.U and rbc402.L. Reactions were analysed by loading 10 ml on an ethidium bromide stained 2% agarose gel.
Cloning 5¢-RACE±PCR. One microlitre of cDNA was ampli®ed with primer pair P1 and rbc402.L and cloned in pGEM-T (Promega). One microlitre of PCR product was ligated into the T/A cloning vector (20 ng), for 1 h at 20°C, in 5 ml of buffer containing 50 mM Tris±HCl (pH 7.5), 10 mM MgCl 2 , 10 mM DTT, 1 mM ATP, 25 mg/ml BSA and 200 U T4 DNA ligase (Biolabs).
Full-length cDNA library. Three microlitres of reverse transcription products were double-stranded and ampli®ed in 20 ml with primers P1pcr and P2pcr, for 12 cycles of 94°C for 10 s, 66°C for 20 s and 72°C for 5 min. PCR fragments >1 kb were fractionnated on a 1.2% agarose gel, electroeluted, ethanol precipitated and resuspended in 10 ml of 10 mM Tris± HCl (pH 7.5), 1 mM EDTA. The cDNAs were inserted into vector pDONR221 by recombinational cloning (16) , in a 20 ml ®nal volume, at 24°C overnight with the reagents and protocol of the Gateway system (Invitrogen). The RACE ligation and the Gateway reaction were puri®ed by Sepharose 4LB chromatography (Amersham Pharmacia) and one-®fth of each product was electroporated into the Escherichia coli DH10B strain [F ± mcrA D(mrr-hsdRMSmcrBC) F80lacZDM15 DlacX74 deoR recA1 endA1 araD139 D(ara,leu)7697 galU galK l ± rpsL (Str R ) nupG tonA], with a Life Technologies electroporator, following the manufacturer's conditions. Transformed cells were left to recover in SOC medium for 45 min and plated on LB agar plates supplemented with carbenicillin (50 mg/ml), 5-bromo-4-chloro-3-indolyl-b-D-galactoside (20 mg/ml) and isopropylthio-b-D-galactoside (20 mg/ml), for the pGEM-T cloning, or with kanamycin (50 mg/ml), for the pDONR221 library.
Sequencing cDNA inserts were isolated by PCR and puri®ed on silica gel membrane with the Qiagen MinElute system according to the manufacturer's protocol. Sequencing was performed on an ABI¯uorescent sequencer, with primer rbc402.L for the RACE±PCR clones and with primer univ221.U, located upstream the 5¢-cap adapter of the inserts, for the full-length cDNA clones.
Sequence analysis
The genomic loci corresponding to the cDNAs were identi®ed by using the Flagdb A.thaliana database (19) , and genomic sequences spanning 1000 bases upstream and 2000 bases downstream of the predicted CDS start (17) were isolated from the coding strand of each locus found. BLAST alignment (20) e6
of these 3 kb fragments against the cDNA clones and all RNAderived A.thaliana EMBL sequences (8 August 2003 release) enabled a comparison of the 5¢-end and overall exon structures of cDNAs produced with respect to the published data. The cDNA sequences have been released to the EMBL database under accession nos AJ609304±AJ609388.
RESULTS AND DISCUSSION
A new full-length cDNA cloning strategy has been designed (Fig. 1) . Degraded RNAs and any uncapped nucleic acids are inactivated by alkaline phosphatase. Then the cap is removed by tobacco acid pyrophosphatase, releasing a 5¢-phosphate on mRNAs. In contrast to previous methods (8, 9) , T4 DNA ligase is used to add an oligonucleotide to the cap site of mRNAs. The strategy is based on a cap adapter generating local doublestranded RNA:RNA/DNA structure at the mRNA 5¢-ends. The upper strand of the cap adapter chosen for the present study is a mixed DNA:RNA oligonucleotide (P1, Table 1 ) with 8 ribonucleotide residues on the 3¢-end and a 3¢-hydroxyl ligase acceptor site. The lower strand (P2, Table 1 ) presents a random protruding 5¢-end of 6 nt for pairing with mRNA 5¢-ends, and bears a 3¢-amine group to block undesired ligations. A six random base overhang was found to be a good compromise for obtaining ef®cient ligation, considering the size constraint of T4 DNA ligase substrates (21) and the adapter complexity. The adapter-ligated RNA can then be reverse transcribed, with an oligo(dT) primer carrying an adapter on its 5¢-end (P3, Table 1 ), leading to cDNAs with cloning sequences integrated at both ends. This reaction product can be used for synthesis and cloning of full-length double-stranded cDNAs or as a template for RACE±PCR experiments. The Gateway attB1 and attB2 sites (Invitrogen) were included in the P1/P2 and the P3 adapters, respectively, so as to permit recombinational cloning of the cDNAs, as described previously (16) .
The RNA tagging strategy was ®rst validated by running a RACE±PCR on a documented experimental system. A primer (rbc402.L, Table 1 ) was designed in a sequence shared by four A.thaliana genes; the oligonucleotide target is 100% identical for the genes ats1B, ats2B and ats3B and contains a single mismatch towards the 5¢-end for ats1A. The primer is orientated towards the transcription starts of these genes and is~300 bases distant from them on the cDNA. Arabidopsis thaliana RNAs were freshly prepared and the cap adapter was joined by T4 DNA ligase to the decapped 5¢-ends of mRNAs. cDNAs were reverse transcribed and PCR ampli®ed with rbc402.L and the P1 adapter primer. Gel analysis of the RACE±PCR reaction showed a band consistent with the expected~350 bp product and absent from the controls (Fig. 2) . The RACE±PCR products were cloned into the pGEM-T vector and 10 clones, positive by PCR with the primers rbc64.U and rbc402.L, were sequenced. These inserts correspond to the 5¢-end regions of ats1A, ats1B and ats3B cDNAs, linked as expected with the P1 adapter (Fig. 3) . In particular, while three ats1A inserts match with the EMBL annotated TSS, one ats1A cDNA incorporated ®ve additional Figure 1 . Full-length cDNA production strategy. Single-and doublestranded polynucleotides are represented by single and double bars; P indicates a 5¢monophosphate moiety; PP, a 5¢ di-or triphosphate. bases towards the promoter. The other six cDNA inserts correspond to and are one base or a few bases shorter than the 5¢-ends of the ats1A, ats3B and ats1B transcripts reported in EMBL.
The strategy was then validated by the analysis of a fulllength cDNA library. With an extensively annotated genome and more than 221 000 cDNA sequences partly released from full-length cDNA projects relying on different technologies, A.thaliana is a ®rst rate system for evaluating a full-length cDNA production method. The A.thaliana cDNAs tagged at either end with P1 and P3 were ampli®ed, gel fractionnated and cloned in the pDONR221 vector. One hundred and ®fty-four recombinant clones were sequenced with a primer located upstream of the 5¢-end of the inserts. Without a known cap site signature on the cDNA, the quality of the clones was estimated by considering the position of their 5¢-ends with respect to the AGI predicted CDS (17) and the most-upstream 5¢-end position of the cDNAs reported in public databases (termed the`reference 5¢-end' in the present study). A clone-by-clone sequence analysis and a summary of these data are shown in Tables 2 and 3 . The 5¢ sequence of the 154 cDNA constructs were assigned to 103 loci on the A.thaliana genome. Except for six clones the sequences produced are consistent with the annotations. One hundred and thirty AGI-consistent cDNAs contain the start ATGs. Three other cDNAs matching the inconsistently annotated regions also appear to have a satisfactory coverage: a209D1 and a209D10 span two neighboring CDS, including the upstream start ATG in both cases; a209C6 encompasses most of the predicted CDS except for the ®rst few codons, which are part of the alternative intron 1 spanned by the clone. Overall, the 5¢-end of 133 cDNAs are located upstream from the predicted start ATGs; the rate of inserts potentially spanning the full CDS is~86% in the present study. With respect to the reference 5¢-end established for the 103 loci, 12 clones showed a sequence gain towards the promoter, in particular a189D5 with a 78 base 5¢ extension. Twenty clones have a 5¢-end identical to the corresponding reference 5¢-end and for 31 clones the 5¢-ends are located at less than 10 bases downstream of the reference 5¢-end. Last, despite the modest size of this cDNA inventory, a clone (a192B10) spanning the whole transcript of an`orphan gene' was characterized.
The conclusion drawn from these results is that T4 DNA ligase can be used for joining oligonucleotides on RNA; tagging on a variety of RNAs of unknown end sequence was successful by using partially degenerate adapters. The fulllength cDNA strategy relying on this new RNA tagging procedure was validated by RACE±PCR and a cDNA library analysis. The series of new upstream 5¢-ends generated by both experimental approaches and the quality of the cDNAs overall attest to the ef®ciency of the method to characterize the 5¢-end of mRNAs and to produce full-length cDNAs. Regarding the speci®city of the method with respect to the cap sites, the different 5¢-ends obtained for a given locus could correspond to alternative TSS or to incomplete alkaline phosphatase inactivation of partially degraded mRNAs.
This study provides an alternative strategy to the dif®cult issue of transcript characterization and several improvements can be expected over previous methods (8, 9) . The use of cDNA clones and their corresponding region on the A.thaliana genome (Locus ID) are shown. Kb, approximate insert length is shown in kb; the size distribution of the clones is consistent with the 1.3 kb average for A.thaliana mRNAs (17) . GB 5¢, 5¢-end position of the inserts compared to the published cDNAs; for each gene, a reference 5¢-end was established from the EMBL cDNA sequence stretching the furthest 5¢; distances are measured in cDNA bases; negative values indicate cDNAs starting 5¢ of the reference 5¢-ends; 5¢-ends identical to reference cDNAs are shown by +1 and a one base gain towards the promoter by ±1. ATG, cloned 5¢-end positions compared to predicted translation starts (17) . (1) The 5¢-end of this two-loci spanning cDNA is 8 bases upstream from CDS AT2G35450 and >530 bases upstream from CDS AT2G35440. (2) The 5¢-end of this two-loci spanning cDNA is 72 bases upstream from CDS AT2G42240 and 661 bases upstream from CDS AT2G42245. (3) Annotations inconsistent with the cDNAs. (4) The unspliced EMBL sequence X97326 was excluded from the analysis. (5) cDNA encompassing most of the predicted CDS except for the ®rst codons which are part of the alternative intron 1 spanned by the clone. (6) no cDNAs were previously published at this locus. cDNAs with a 5¢-end upstream from the reference 5¢ ends or at <10 bases downstream from the reference 5¢-ends or upstream of the predicted ATG starts are in a grey box. random sequence sticky ends to anchor the adapter to the 5¢-end of the mRNAs should increase the time available to the ligase for ®nding the ends for joining and improve the tagging ef®ciency. For the polynucleotide substrates, the reported K m of T4 DNA ligase is several orders of magnitude smaller than the K m of T4 RNA ligase (see for example 21), although in the present protocol the overall ligation ef®ciency is reduced by the adapter complexity (4096 combinations), the size and the DNA/RNA hybrid nature of the duplex. With the T4 RNA ligase method, a wide range of 3¢-OH polynucleotides can be joined to the 5¢-phosphate of mRNAs, leading to undesired side products and loss of the less frequent transcripts; this problem is generally avoided with high molarity adapters. Because T4 DNA ligase is speci®c for nicks in doublestranded duplexes, the present method keeps such a background to a minimum. Accordingly, no chimeras have been found in this study. Finally, T4 RNA ligase is reported to be more active on some sequences than on others (22) and could lead to biased transcript representation in cDNA libraries.
Besides its application for full-length cDNA cloning, this RNA tagging method could be useful in other applications where an adapter has to be added onto RNAs of unknown sequence, such as in RIP experiments (18) . 
